The protein-synthesizing activity of cell-free preparations of Escherichia coli was estimated by adding radioactive amino acids according to the system of Matthei & Nirenberg (1961). Cell-free systems were prepared from antibiotic-sensitive strains of E . coli and from resistant variants, and the sensitivity of amino acid incorporation to inhibition by chloramphenicol and tetracycline determined. The same sensitivity was shown for the sensitive as for the resistant strains.
INTRODUCTION
Several explanations have been proposed to account for bacterial resistance to chloramphenicol, for example : increased production of chloramphenicol reductase (Merkel & Steers, 1953;  Miyamura, 196l) , changes in permeability (Kuschner, 1955) ' and alteration of the process of protein synthesis (Ramsey, 1958) . However, for none of these explanations is the experimental evidence conclusive. In a preliminary account (Okamoto & Mizuno, 1962) , we reported that a cell-free system for amino acid incorporation into protein prepared from a chlorarnphenicol-resistant strain of Escherichia coti B was almost as sensitive to chloramphenicol inhibition as was that from the wild type of E. coli B. The present paper gives a more detailed description of this work, together with further experimental work. The extended programme included examination of resistance to tetracycline exhibited by this chloramphenicolresistant strain as well as by in vitro-developed tetracycline-resistant strains, and also by another type of chloramphenicol and tetracycline resistance, i.e. the multiple drug resistance transferable by ' R factor' (review by Watanabe, 1963) .
Results similar to those previously reported were obtained in all these cases.
METHODS

Strains used.
The following five strains were examined: (1) Escherichia coli B, wild strain; (2) a chloramphenicol-resistant strain ( B CMR) developed in vitro from E . COG B as described by Okamoto & Mizuno (1962) ; (3) E. coli ~1 2 cs-2 (Skaar & Garen, 1956) ; (4) a multiple drug-resistant strain (K mR) obtained by transfer of resistance into E. coli ~1 2 cs-2 from a resistant strain of Shigella isolated from a natural source, kindly supplied by Mr H. Ikeda of our laboratory; ( 5 ) tetracyclineresistant strains isolated from E . coli ~1 2 cslOl (Hfr), (Skaar & Garen, 1956) by successive passages through liquid media containing increasing concentrations of tetracycline (strains KTCR). This procedure was performed chiefly by Mrs N. Okamoto.
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Twelve independent cultures were used, but only two of them (nos. 3 and 5 ) attained resistance to tetracycline 100 ,ug./ml. without losing their Hfr character. Several independent cultures from each of the two were further developed to higher degrees of resistance, and five strains were obtained which could grow in the presence of more than 300 pg. tetracyche/ml. They were designated as T C R~A , 5~, 5-350, 5-900, TCR 3c. Since precise genetic analysis was not performed, it is not known whether these strains were genetically different or not. The sensitivity of the strains to various antibiotics is shown in Table 1 as the concentration required to inhibit the bacterial growth by 50%. As shown, strain B CMR was about a thousand times as resistant to chloramphenicol as the wild strain and exhibited cross-resistance against tetracycline, penicillin and erythromycin, but was sensitive to streptomycin, as reported earlier by Szybalsky & Bryson (1952) ; strain K mR was resistant to chloramphenicol, tetracycline and streptomycin, but not to erythromycin and penicillin. Strain K TCR shows similar patterns of crossresistance to those of strain B CMR. All resistant strains were somewhat more sensitive to polymyxin B than were their wild types.
Culture medium and cultural conditions. The culture medium consisted of the following ingredients: 0.1 M-solution of MgSO,, 10 ml.; 0.01 M-solution of KH,PO,, 3 4 ml.; 20 yo (w/v) solution of glucose, 5 ml. ; NaCl, 3 g.; Polypepton (Daigo Eiyo Co.), 10 g.; in a total volume of 1000 ml.; adjusted to pH 7.2. An overnight shaken culture (incubated at 37') was transferred to about 50 vol. of fresh medium and the culture incubated with aeration. I n the case of strains B CMR and K mR, chloramphenicol was added to the medium at 30 ,ug./ml. The TCR strains were pre-cultured in the presence of tetracycline 100 ,ug./ml. and then grown in a large-scale culture ( 5 1.) in medium containing tetracycline 20 ,ug./ml.
Preparation of cell-free system. When the culture reached early logarithmic phase, i t was chilled rapidly with ice; the organisms were harvested (centrifugation) and washed twice with 0.05 M-tris buffer (pH 7.6) containing 8 x 10-3~-MgC1,. I n later experiments this buffer, which was also used for the preparatory procedure and dialysis, was modified according to Matthei & Nirenberg (1961) to include 0.06 M-KC~ and 0.006 M-P-mercaptoethanol. The washed organisms were suspended in about 2 vol. of the buffer and disrupted by sonic treatment (Okamoto & Mizuno, 1962) or, in later experiments, by passage through a French pressure cell. The latter procedure gave more active preparations, The disrupted-cell suspension was centrifuged twice a t 30,000 g for 30 min. to remove whole organisms and large debris, and the final supernatant fluid was kept as ' 3s fraction '. The 3s fraction was further fractionated by centrifugation at 100,000 g for 60 min. to give supernatant fraction (10s) and pellet fraction (ribosome fraction); the ribosome fraction was washed once by resuspending and sedimenting a t 100,000 g, and the 10s fraction was dialysed overnight against tris buffer (pH 7-6) containing 8 x 10-3~-MgC12, a t 4'. In later experiments the 3s fraction was directly dialysed against buffer containing pmercaptoethanol and kept frozen before use.
Assay of incorporation of 14C-amino acids into protein by the cell-free system. The ribosome fraction (equiv. about 2 mg. protein) together with the 10s fraction (equiv. about 1 mg. protein) were incubated with l4C-arnino acids and necessary cofactors as described previously. In later experiments dialysed 3s fraction was chiefly employed and the reaction mixture was modified according to Matthei & Nirenberg (1961) , as follows: 3s fraction, equiv. 2-3 mg. protein; tris buffer (0.05 M, pH 7.6); MgCl, , 8 x M; KCl, 6 x 1 0 -2~; adenosine triphosphate (ATP) Na salt, 1 pmole/ml. ; creatine phosphate, Na salt, 5 ,umoles/ml. ; creatine kinase, equiv. 0.1 mg. protein/ml. ; guanosine triphosphate (GTP), 0.03 pmole/ml. ; ,&mercaptoethanol 0.006 M ; I4C-amino acid mixture (hydrolysed algal protein, specific activity 6.88 mc./mM, supplied by the Institute of 14pplied Microbiology, University of Tokyo), 2 x lo5 c.p.m./tube (counted with the windowless gas-flow counter); antibiotic to be tested a t the required concentration; the total volume was 0.3 or 0.5 ml. After incubation a t 37' for 45 min., the reaction was stopped by adding about 5 ml. of 5 yo trichloroacetic acid (TCA). The radioactivity incorporated into the hot-acid insoluble fraction was counted, and the degree of inhibition by the antibiotic assayed as described (Okamoto & Mizuno, 1962) . Counting was performed with a windowless gas-flow counter or with a thin-window gas-flow counter equipped with an automatic sample changer; the counting efficiency of the latter was about one-fourth that of the former. All the data are presented as values to be obtained with the windowless gas-flow counter.
RESULTS
1,nhibitioiz of the amino acid incorporation with chloramphenicol
in the cell-free system of Escherichia coli The inhibition of amino acid incorporation in the cell-free preparations of Escherichia coli B and strain B CMR was examined. The results are shown graphically in Fig. 1 . Almost identical inhibition curves were obtained with the wild-type and the chloramphenicol-resistant strains. The same kind of experiment with the cellfree systems of strains K and K mR gave similar inhibition patterns, as shown in Fig. 2 . In both cases the amino acid incorporation system of the resistant strain was as sensitive, within the experimental errors, to inhibition by chloramphenicol as that of the sensitive strain.
It should be noted that the amino acid incorporation in these systems was inhibited about 50 7, by 2-5 pg. chloramphenicol/ml. and about 80 yo with 40 pg./ml. ; the inhibition was not complete even in the presence of 200 pg./ml., where the inhibition was about 8 0 -9 0~o .
Inhibition with tetracycline Amino acid incorporation by the cell-free system of the wild strain, Escherichicr coli K 12, was inhibited also by tetracycline; the inhibition was about 40-50 yo at 40 pg./ml. and about 80 yo a t 160 ,ug./ml. Thus the concentration of tetracycline required to inhibit the cell-free system was considerably higher than that required for growth inhibition. However, when growth inhibition with tetracycline was examined in the medium supplemented with MgCl, (0.008 M ) and KC1 ( incorporation by cell-free systems of Fig. 1 . Effect of chloramphenicol on amino acid Escherichia coli B and strain B CMR. The reaction mixture containedabout equiv. 1-3 nig. protein of ribosomal fraction and about 1 mg. protein of 10s fraction. Incubation was at 37' for 20.min.; other conditions as described in the text. Each point represents the average value of two or three independent experiments. The value for complete system without antibiotic ranged from 120 to 600 counts/min./mg. protein, depending on the experiment. The radioactivity is corrected for the value of the 20-0 time control of 20-80 counts/min./mg. protein, and not corrected for self-absorption. Fig. 2 . Effect of chloramphenicol on amino acid incorporation by cell-free systems of Escherichia coli strains K and K mR. Conditions are similar to Fig. 1 . Average data of from two to four experiments are shown. 20 ,ug./ml. for E . coli ~1 2 , about 100 ,ug./ml. for K mR, and about 300 pg./ml. for K TCR strains. Under these circumstances, therefore, the tetracycline concentration which caused 50 yo inhibition of growth of E . coli ~1 2 was not very different from that which caused 50 yo inhibition of the cell-free system. Table 1 , strain B CMR exhibited considerable cross-resistance to tetracycline, and strain K mR was also resista.nt to it. The sensitivity to tetracycline of cell-free amino acid incorporation by these resistant strains was identical with that of their wild strains (Figs. 3, 4) .
As shown in
Since it was reported by Yokota & Akiba (1962) that a tetracycline-resistant strain of Escherichia coli selected in vitro by using tetracycline gave tetracyclineresistant ribosomes, we examined the sensitivity to tetracycline of cell-free preparations from several in vitro-developed tetracycline-resistant strains of E . coli K 12.
Representative results are shown in Table 2 . The cell-free systems of the TCR strains investigated were, again, as sensitive to the effect of tetracycline as that of E . coli K wild strain, with some slight differences, especially in the case of TCR 3c. Two other TCR strains tested gave similar results. Inhibition of amino acid incorporation by other compounds As mentioned above, strain B CMR was also cross-resistant to penicillin, erythromycin, and strain K mR to streptomycin. Since it has been observed that erythromycin (Brock & Brock, 1959) and streptomycin (Eaton & Caffrey, 1961; Erdos 8E Ullmann, 1959; Hahn et al. 1962) have inhibitory effects on protein synthesis, the effects of these compounds on the cell-free system of Escherichia coli B and strain K 12 were examined.
Streptomycin (100 pg./ml.) exerted diverse effects. With amino acid incorporation by cell-free preparations of relatively low activity, streptomycin exhibited no inhibitory effect and occasionally even an acceleration was observed, especially at higher concentrations (500 pg./ml. or more). However, amino acid incorporation by preparations with higher activity obtained by the modified method used in later experiments was inhibited by streptomycin to a variable extent. These complicated effects produced by streptomycin are now under investigation in view of the findings Microb. xxxv on the effect of streptomycin on the synthesis of polyphenylalanine directed by polyuridylic acid in a cell-free system (Speyer, Erythromycin inhibited the amino acid incorporation up to 30 yo a t concentrations of 100-1000 ,ug./ml. Penicillin (40 pg./ml.) had no effect on amino acid incorporation, suggesting that this process is not related to the synthesis of cell-wall substance, which is sensitive to inhibition by penicillin (Park, 1958 Each tube contained equiv. 2-3 mg. protein of dialysed 3s fraction in a total volunie of 0.3-0-5 ml. Incubation: 37' for 45 min. Other conditions are as described in the text. Each experiment made in duplicate.
* The figures indicate the concentration (,ug./ml.) of tetracycline required for 50% growth inhibition; tests were made directly on the organisms used for preparation of the cell-free system. t Total counts measured on samples containing equiv. 14-2mg. protein; the value for the 0 time control, about 100 counts/min., was subtracted. Not corrected for self-absorption.
3 Average value of four to six experiments. The range of variation is shown in parentheses.
DISCUSSION
It is well established that chloramphenicol specifically inhibits protein synthesis in bacteria (Gale & Folkes, 1953; Wisseman, Smadel, Hahn & Hopps, 1954) . The amino acid incorporation system of Escherichia coli used in the present work can be considered to approximate to the process of protein synthesis in many respects, and is sensitive to inhibition by chloramphenicol a t a concentration slightly higher than that required for growth inhibition. Thus the cell-free amino acid incorporation system may well be regarded as the site of action of chloramphenicol on bacteria. The data presented above indicate that the resistant strains investigated lost their chloramphenicol resistance when they were disrupted to a cell-free preparation. Thus it can be concluded that the primary cause of chloramphenicol resistance in these strains is not alteration(s) in the process of protein synthesis, but is some change(s) in the process by which the compound reaches its site of action, i.e. some change( s) in permeability.
Since tetracycline acts as a chelating agent, and consequently may exert action on several cellular activities (see review by Weinberg, 1957) , its mode of action is not so well defined as is that of chloramphenicol. However, evidence has been given that, at the growth inhibitory concentration, tetracycline inhibits bacterial protein synthesis preferentially (Gale & Folkes, 1953) as chloramphenicol does. Therefore, it seems likely that the inhibitory effect of tetracycline on the amino acid incorporation system reflects the inhibitory effects of tetracycline on bacterial growth. Although the concentration of tetracycline required for inhibition of the cell-free system is considerably higher than that required for growth inhibition, this may partly be explained by the presence of a rather high concentration of Mg2+ (see Results).
If it be assumed that the inhibition by tetracycline of cell-free amino acid incorporation represents its antibacterial effect, tetracycline resistance in strains B CMR, K mR and K TCR should also be due to changes in permeability as in chloramphenicol resistance. A certain degree of cross-resistance between chloramphenicol, tetracycline and other compounds in in vitro-developed chloramphenicol-and tetracycline-resistant strains of Escherichia coli has been observed (Szybalsky & Bryson, 1952; Cavalli, 1952) ; changes in permeability for these compounds would be a plausible explanation for such cross-resistance.
Independently of our preliminary work (Okamoto & Mizuno, 1962) , made similar experiments and reached the same conclusion as we did except for the case of the in vitro-developed tetracycline-resistant strain. They reported that the cell-free system of the latter strain was resistant to tetracycline and that this resistance resided in the ribosomal fraction . As described above, all the tetracycline-resistant strains that we isolated, through multiple steps from Escherichia coli K 12 strain cs 101, gave tetracyclinesensitive cell-free systems. These findings do not, of course, exclude the possibility that tetracycline-resistant mutants equipped with tetracycline-resistant proteinsynthesis machinery may occur. We can only say that, in the most easily obtainable tetracycline-resistant strains of E. coli K 12, their cell-free systems are not resistant to tetracycline. Although only one in vitro-developed chloramphenicol-resistant strain was investigated, this strain was so resistant (about one thousand times as resistant as the wild strain) that it may be assumed that many of its loci responsible for chloramphenicol resistance have mutated, so that the above considerations can also be applied to chloramphenicol resistance, The contradiction of our conclusion with that of Ramsey (1958) may be explained by the staphylococcus he used possessing a different mechanism of chloramphenicol resistance from that of Escherichia coli, or by the possibility that the disrupted cell system used by Ramsay still retained some sort of permeability barrier.
Our results do not exclude the possible role of a chloramphenicol-inactivating enzyme (Merkel & Steers, 1953; Miyamura, 1961) in the chloramphenicol resistance of Escherichia coli, since they only showed that cell-free protein synthesis of resistant organisms was not resistant, and that resistance was probably due to changes other than at the immediate site of protein synthesis. However, the enzymic degradation of chloramphenicol is not sufficiently rapid to decrease the concentration of chloramphenicol in the medium, and our experiments indicate that such an enzyme is not operating in the cell-free system. Hence, if a chloramphenicol-
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